The analysis of biological specimens is now expected to shift from multi-cell analysis to single cells to know about the molecular and cellular behavior precisely. Mass spectrometric approaches to clarify molecular profiles in a cell or very small region have been developed. Such techniques include matrix-assisted laser desorption ionization imaging mass spectrometry (MALDI-IMS), secondary-ion mass spectrometry (SIMS), single-cell MALDI and live single-cell mass spectrometry. In this paper, these methods are reviewed, and their characteristics are discussed concerning how these methods achieve our aim.
Introduction
Multiple molecules are up-and down-regulated spatio-temporally in multicellular organism to keep and amplify their lives. These molecules include complex mixtures ranging from very large proteins and the nucleic acids to small molecules, such as cell-constituting lipids and enzyme metabolites. The fluctuation of such molecules in response to certain stimuli in sub-cellular structures in a cell induces cellular change. The cell then shows phenotypical alteration. The response to such stimuli among cells in an organism is usually heterogeneous.
The detection of molecular profiles in tissues or cells is usually carried by conventional exhaustive analyses that collect huge numbers of cells, followed by homogenization. Although such "mass analysis" provides averaged results of various kinds and time-dependent change of certain molecules is lost by such mass analysis. To resolve this issue, analyses at the single-cell level, or of a restricted area have been developed. [1] [2] [3] Mass spectrometry has been widely used for the analysis of biological specimen since biomolecules-compartible ionization methods were developed. These ionization methods include electrospray ionization (ESI), 4 matrix-assisted laser desorption ionization (MALDI), 5 and their derivatives, such as desorption electrospray ionization. 6 These soft ionization methods are applicable, not only to molecules dissolved in solvents, but also to sliced sections of tissue or a single cell in situ. In addition, secondary ion mass spectrometry, which is used in materials science and surface science to analyze the composition of solid surfaces, is coming to be applied to tissue imaging analysis. 7 These methods do not always require sample pretreatment and separation such as solid-phase extraction, liquid chromatography or capillary electrophoresis. In this review, we describe how these biomolecules-compartible mass spectrometric methods achieve molecular profiling in restricted areas inside cells and organisms.
MALDI Imaging Mass Spectrometry (MALDI-IMS)
The MALDI method is widely used for analysis from small metabolites to large peptides. Matrixes, which are usually small organic acids, such as sinapic acid dissolved in an organic solvent, are mixed and co-crystalized with samples, followed by laser irradiation. Since Caprioli's group reported a mass-spectrometric imaging analysis of sliced tissue using MALDI, this method is now widely used in biological medicine, since it enables spatial analysis of the molecular distribution of any targeted tissue specimen. 8, 9 Figure 1 indicates their methods. First of all, sliced tissue samples are mounted onto a sampling plate. To the sample surface, a matrix solution is deposited. Then, the solution is evaporated, and co-crystalization of the matrix and molecules occurrs. This process is important to achieve laser-induced desorption ionization. Matrix-loaded samples are placed in an ion source to irradiate a laser so as to cause desorption-ionization. The sample plate is moved in reticular pattern to obtain multiple mass spectra of irradiated spots. Any type of mass analyzer can be used to obtain mass spectra for MALDI-IMS. For example, a Fourier transform-ion cyclotron resonance analyzer and Orbitrap analyzer are very powerful for their high mass accuracy, and tandem quadrupole and linear ion trap analyzers are appropriate for quantitative fragment analysis. After the spectra are obtained, peaks are extracted and arrayed according to their X-and Y-coordinates to reconstruct the molecular distribution of the peak. Many types of molecules can be detected, such as endogenous peptides, small molecules and drugs in the mass spectra of MALDI-IMS. Figure 2 shows a reconstituted image from olanzapine-treated rat liver. An antipsychotic tranquilizing drug, olanzapine, and its metabolites showed a similar distribution in a liver specimen. 10 The matrix deposition procedure is the critical determinant for molecular detection and spatial resolution. The delivery of a matrix solution onto a sample surface is achieved conventionally by aerosol spray or microspotting. 11 The droplet size (usually around fifty to hundred micrometers) and deposited distance defines the resolution of the resultant two-dimensional molecular distribution image, like a stipple, because molecules in a certain area are homogenously extracted into the droplet of the matrix solution which means that the molecular distribution inside a droplet is lost during extraction. Therefore, overloading of the matrix solution induces the migration of molecules after extraction.
Spraying control is now automated using a microspotting system by several manufacturers, so that the human error-mediated experimental defect becomes less. Several key processes to improve the resolution and sensitivity have been made, such as the deposition of small aerosol droplets induced by electrospraying a matrix solution onto a sample specimen. 12 Spray methods are also improved to make a quantitative matrix overlaying, such as a piezoelectric element-attached inc-jet apparatus, 13 or acoustic droplet generation apparatus. 14 These methods, however, make the droplet size larger than the conventional aerosol spray methods, which result in a lower resolution. Several approaches that do not use wet matrix loading have been made. Metal nanoparticles are shown to work as a matrix. 15 A dry, fine powder of matrix is shown to be applicable to samples, referred to as a dry matrix application, for the imaging of drug compounds. 16 A new kind of matrix has also been developed, such as colloidal carbon with nanometer-sized particles 17 and germanium nanodots of uniform size 18 to improve the sensitivity and the resolution. These matrix particle application methods do not induce sample dispersion.
In addition, the sample-preparation process is also important for obtaining a good signal. In general, samples should be stored so as to prevent the degradation of target molecules, since biological samples have many types of enzyme activities that destroy or modify the original molecular content during storage. Namely, samples are quickly frozen and cryopreseved without thawing and drying after dissection. Also, the tissue samples are sliced using cryo-microtome, which keeps the tissue sample frozen. On the other hand, conventionally used neutral formalin-fixed and paraffin-embedded tissues can be used for MS analyses, although the quality of the mass spectrum is low. 19 Tissues should be stained to clarify the structure, since they have no color without staining. Prestained samples can be used for mass spectrometry, whereas the detection sensitivity becomes bad in the presence of excess dye molecules. The usual approach is that several tissue slices are prepared, and one is for MS analysis and the adjoining slice is used for tissue staining.
The laser-beam diameter is also a determinant of the spatial resolution. The usual laser spot size, a few dozens of micrometers, is larger than the single-cell size so that an analysis of a small area less than the laser spot size is difficult, although the optical system includes pinholes and masks to narrow down the laser diameter size. Jurchen et al. showed that the overlaid irradiation of a sample could give a smaller resolution than the laser-beam diameter. 20 For the analysis of MALDI-IMS, several companies sell automated systems from sample preparation, grid laser irradiation and sequential spectra obtaining, peak extraction to the reconstitution of a two-dimensional image of the molecular distribution. However, although previous mass spectra analysis did not have any concept of the spatial distribution of molecules, several methods have been developed to understand the spatial difference of molecules. Conventional hierarchical clustering analysis and principal component analysis (PCA) can be used for showing the difference of peaks to reconstitute on tissue graphically in many types of tissue specimens. 21 This method is still progressing, but many reports have clarified the molecular distribution by this method. Pathological approaches succeeded to find biomarkers, for example, the detection of beta amyloid in Altzheimer brain, 22 many types of cancer such as colon, 23 prostate, 24 brain 25 and so on. The detection of small molecules was also achieved for pharmaceutical studies, such as metabolite tracks. 26 
Secondary-ion Mass Spectrometry (SIMS) Imaging
Secondary-ion mass spectrometry, similarly to MALDI-IMS, it is also used in tissue and cell-imaging analysis. This method, however, was not widely used for the analysis of large biomolecules, such as proteins, because secondary ion fragments caused by the collapse of the primary ion resulted in difficulties concerning molecular identification. 27 The induction of secondary ions was observed in the 1940s, and SIMS was developed in the 1970s. 28 SIMS is routinely used for the surface chemical composition of many different types of samples. As shown in Fig. 3 , the SIMS procedure includes a focused ion beam induced by a primary ion-source target to bombard the surface of a sample placed in a vacuum chamber; then, the primary ion energy is transferred to the surface atoms by collisions to make a collision cascade. Secondary ions, neutrals and atoms are emitted from the sample surface, followed by mass spectrometric analysis, usually combined with a time-of-flight (TOF) analyzer. The analysis of SIMS has two modes: dynamic SIMS and static SIMS. Dynamic SIMS irradiates high-intensity primary ions to excavate the sample surface and to produce fragment ions and atoms. For trials of biomolecule analysis, static SIMS, in which low-intensity primary ions are bombarded, was used, although a very low yield of secondary ions of large molecules existed with very high resolution around one micrometer. The development of a polyatomic ion cluster, such as C60 + or SF5 + sources, allowed a higher unfragmented secondary ion recovery with high resolution. [29] [30] [31] [32] In addition, molecular depth profiling was also achieved by this method. Several groups applied this method to two-dimensional and three-dimensional profiling in Xenopus oocytes and cultured human cells (Fig. 4) , which clarified the small molecular metabolites distribution. [33] [34] [35] SIMS can give very high resolution, as small as 100 nm, in imaging studies, but still has a problem regarding molecular fragmentation. Additionally, this method cannot allow realtime analysis, since samples should be placed under a vacuum. These points enable other methods to take over some portion in biomedical mass spectrometry.
Single-cell MALDI
Single-cell MALDI MS was initially developed for the analysis of neuropeptides in mollusk. 36, 37 Since the molluscan neuron is large enough to detect neuropeptides above the detection limit of MALDI MS (atto to femto-mole peptides). This method is mainly applied to the neuropeptide detection in neural cells by their group. We also showed that single-cell MALDI can be applied to small-molecule analysis in mammalian culture cells. 38, 39 As shown in Fig. 5 , single-cell MALDI consist of several steps that consist of manual isolation of the target cells, the placement of target cells to a plate, followed by washing with a buffer, extraction of the cellular content with a matrix solution, followed by drying in situ to make a co-crystal of the matrix and sample included molecules. Then, the crystallized sample was irradiated with a laser beam to induce ionization of the sample, followed by a mass measurement. We could detect small molecules, such as histamine. Zenobi's group also applied this technique to bacteria single-cell analysis, showing the cellular heterogeneity, as displayed in Fig. 6 . 40 Similarly to MALDI-IMS, single-cell MALDI has several problems in that the ionization efficiency is very low to find molecules with small amount, and to cover many kinds of molecules; also, a large amount of matrix molecules bother the ionization and detection of small molecules.
Live Single-cell Mass Spectrometry with Nanosprays
The methods described above have promising abilities to understand the molecular detection of biological samples; however, several defects, such as low ionizing efficiency of MALDI and difficulties of sample preparation in SIMS, described above, make these methods incompatible for certain biomolecular analysis. In addition, because of the multistep sample preparation, these methods can not be used for the realtime analysis of cells responding to some stimuli. To abolish these unwelcome characteristics, we established "live single-cell mass spectrometry" using nanospray tips. This method, as described previously, [41] [42] [43] [44] [45] uses the same nanospray tip to recover the sample from the forefront of several micro meters bore following electrospray ionization of a sucked sample in the forefront. As presented in Fig. 7 , a micromanipulator attached microsuction apparatus is installed on a microscope stage, and suction with a nanospray tip is monitored through a microscope-attached video camera. Before suction, a certain cell is targeted, and the forefront of the tip is run into the cytoplasm, or certain structure inside the cell. Then, the contents are sucked into the tip using a syringe-made negative pressure for a very short time. Tips are removed from the sucking apparatus and an ionizing solvent, such as 1% formic acid containing 50% methanol, followed by setting to a nanoESI apparatus to achieve ionization at 0.9 to 1.2 kV on Orbitrap XL or QSTAR Elite mass spectrometers. A spectrum is obtained for several minutes to observe molecular profiling of the sample at a range of several hundreds of m/z using the full-scan mode, or to measure an ion with a specific m/z using a selected ion monitoring (SIM) mode. Then, the peaks are extracted to compare the molecular abundance between samples.
Nanospray tips, specially manufactured for our method by Humanix, are called "Cellomics tips", which allow smooth continuous electrospray for more than 30 min with several microliters of liquid samples around 1000 V. Because the sample sucked inside the tip is with ultra-low volume, less than several hundred femtoliters, ultra-high sensitive analysis is required. Nanoelectrospray tip-made ionization is very highly sensitive compared to the conventional electrospray ionization method, enabling metabolite profiling from even a subcellular region of a cultured cell.
This method allows microscope observation-linked sample recovery; therefore, we can recover a certain cellular region, such as vacuole or nuclei as small as the tip bore size. Certain cells responding to a specific stimulus, and a cell with different character among cell population can also be recovered. In our study, many types of cells were used, such as human fibroblasts, hapatocellular carcinoma cells and kidney carcinoma cells, rat fibroblasts and lymphoma cells, and mouse fibroblasts and embryonal carcinoma cells. These are all adherent (dish attached) cells. 45 We can also analyze non-adherent cells, such as human B and T lymphocytes. These cells with certain phenotypes are targeted at any position inside a cell under a microscope. Figure 8 shows the cytoplasimic mass spectra of randomly selected cells of human fibroblast, TIG-3, hepatoma cells, HepG2 and kidney cancer cell, ACHN. PCA of these spectra showed clustered cellular data, indicating that these spectra contained cell-unique peaks. If we use a fluorescence microscope, fluorescent dyes can be used to distinguish cellular phenotypes, such as the DNA content or cellular redox status. In addition, we can obtain any cellular portion during a specific cellular response. A cellular portion, such as vacuoles and cytoplasm, are recovered separately and molecular contents are compared to clarify the molecular distribution. Figure 9 shows that cytoplasmic and granular spectra of rat basophilic leukemia cells, RBL-2H3, could be obtained with unique peaks, as shown by PCA, and specific peaks to granules could be distinguished. A detailed metabolic profile of granules and cytoplasm suggested localization of the histidine metabolic pathway existed in granules and tryptophan's located in the cytoplasm. 45 We can analyze plant cells using this method. Figure 10 shows that a leaf and a stem of geranium showed a distinguishable molecular content of organic compounds, such as terpenes, by this method. 44 The structural analysis of compounds with relatively higher content could be achieved by further MS/MS analysis. As application targets of this method are still increasing, we are further improving this method to be more sensitive and to have higher resolution to find many kinds of molecules in single cells.
Conclusion
Several types of mass-spectrometric methods to show the molecular distribution of very small areas have been developed, as discussed above. These methods still have several problems concerning on the use of exhaustive and supersensitive analysis of metabolomic and proteomic profile in a restricted area. Actually, we can detect a very small fraction of molecules included in a sample because of the ultra-low efficiency of the current ionization methods especially in MALDI. Moreover, because the efficiency of ionization and mass measuring settings are different among molecules, caused by a limitation of the current ionization machinery and mass analyzer, we can not achieve an almighty method that detects all kinds of molecules in real time at high resolution. Further approaches to develop a new ionization method, ion source and mass analyzer are required to obtain more exhaustive molecular profiles. We believe that nanospray mediated ionization will be the best choice to achieve these purposes because of the technical advantages.
